Background: Platelet-rich plasma (PRP) is a portion of blood plasma enriched with platelets widely investigated for accelerating bone and soft tissue healing. The purpose of this study is to evaluate the effects of PRP on the previous established photoaging model in vitro and to elucidate the potential antiphotoaging mechanisms of PRP. Methods: Murine dermal fibroblasts (MDFs) were isolated and cultured with or without PRP after exposure to repeated UVB irradiation per protocol. The senescent phenotypes were compared among groups, including cell morphology, senescence-associated b-galactosidase (SAb-gal) expression, cell cycle arrest, production and degradation of extracellular matrix (ECM), ROS generation, and the alteration of major intracellular antioxidants. Results: 1% PRP effectively reduced the amount of flattened cells and significantly decreased the staining intensity as well as the percentage of SA-b-gal-positive cells when compared with UVB group. Furthermore, PRP appeared to prevent cell cycle arrest caused by irradiation by decreasing p53 and p21 expression. The PRP had demonstrated direct effects on ECM, including increase in type I collagen production and decrease in MMPs expression. Additionally, the increase of glutathione, one of the major intracellular antioxidants, induced by PRP provided a possible explanation for its therapeutic effect. Conclusions: Our work confirmed that PRP, a compound of various growth factors, could counteract senescence-like phenotypes at the cellular level, mirroring its rising clinical popularity in anti-aging and regenerative medicine. The promising effects of PRP calls for future study for further exploration of the underlying mechanisms, which will lead to a broadened application of PRP in future clinical use.
Introduction
Extrinsic aging is induced by environmental factors, such as ultraviolet (UV) irradiation, smoke and common pollutants. Exposure to solar radiation, however, is the leading factor in extrinsic aging, also known as photoaging.
1,2 Dermal bro-blasts, as the predominant cell type in dermis, act to produce collagen and actively remodel the extracellular matrix (ECM). They play an important role in the process of photoaging and anti-aging especially when the skin is exposed to accumulated damage from UV irradiation. 3 The principal mechanisms of photoaging process include the accumulation of reactive oxygen species (ROS) and the increase of matrix metalloproteinases (MMPs) which are induced by ultraviolet irradiation on bro-blasts. 4, 5 Considering the signicant role of ROS and MMPs, one of the photoprotective strategies to prevent the damage of photoaging is to reduce the production of MMPs and to increase antioxidant components.
Platelet-rich plasma (PRP) has been used for stimulating wound healing and aiding tissue repair, 6, 7 as they contain a host of powerful mitogenic and chemotactic growth factors. Platelets secrete at least seven essential growth factors involved in initiation of healing process, including platelet-derived growth factor (PDGF) isomers: PDGFaa, PDGFab and PDGFbb, transforming growth factor-b1 (TGF-b1), TGF-b2, vascular endothelial growth factor (VEGF), and epithelial growth factor (EGF). Along with the rapid evolvement of stem cell research, PRP has been widely investigated experimentally and clinically in recent years because of its various growth factors, which are considered the dominant effector of stem cell therapy. Several growth factors, including PDGF, bFGF and EGF, found in PRP have been showed to have positive effects on skin rejuvenation by stimulating the proliferation of broblasts in vivo and in animal studies. [8] [9] [10] Moreover, T. Kamakura et al. has proved that bFGF is effective in treating wrinkles and depressed areas of the skin of the face and body.
11 L. J. Xian et al. found that 10% PRP promoted wound remodeling and whereas the 20% PRP enhanced collagen deposition.
12 Q. Hui et al. further demonstrated that clinically PRP combined with ultra-pulsed fractional CO 2 laser had a synergistic effect on facial rejuvenation. 13 However, the effects and potential mechanisms of PRP on photoaging broblasts, the key player in extrinsic aging, has been under investigated.
This study is aimed at testing the role of PRP on photoaging process at a cellular level and its potential mechanisms. We have previously developed a reproducible photo-damaged model of mouse dermal broblasts (MDFs) by repeated UVB exposures, which demonstrates a series of senescence-like phenotypes, including long-term growth arrest, attened morphology, increased synthesis of MMPs, increased degradation of ECM and SA-b-gal staining.
14 With the utilization of the photoaging model, it is feasible to evaluate the denite effects of PRP on photoaging without confounding factors.
Materials and methods
Our study involves the use of live animals including rabbits and mice. Animals were adopted and promulgated in accordance with the guidelines of the China National Institutes of Health. And our experimental protocol was consented by Animal Care and Use Committee of Fudan University (Shanghai, China).
Preparation of PRP
A 25 ml whole blood was collected from the heart of a 3 month old healthy male New Zealand white rabbit under sterile conditions. 5 ml blood was counted using automatic blood analysis and the concentration of platelets was documented. 20 ml was processed to yield PRP using the two-step centrifugation at 4 C, 215 g for 15 min followed by 863 g for 15 min. The supernatant above the packed cells contained two visibly different layers: the uppermost and nearly transparent layer containing platelet-poor plasma (PPP) and a lower partially occulent layer containing PRP. From the nal unit, approximately 2 ml of PRP could be collected. The PRP was used for the following study when platelet count of the PRP was 4 times more than that of the whole blood.
Cell culture and treatments
MDFs were isolated from the dorsal dermis of newborn littermates of C57 BL/6 mice 18-24 h aer birth, as previously described. 15 The cells were maintained in DMEM supplemented with 10% fetal bovine serum (FBS), glutamine, penicillin and streptomycin in a 37 C humidied incubator containing 5% CO 2 . The broblasts were cultured to 80% conuence and then subcultured. Cells of passage 1-2 were used for the following experiments. At 12 h aer plating, the supernatant was replaced with a thin layer of phosphate-buffered saline (PBS) and cells were exposed to a series of 4 doses of UVB at 120 mJ cm À2 (Narrowband TL 20 W/01 RS lamp, Philips, The Netherlands) for 120 s with an interval time of 12 h as previously described. 16 Immediately aer each irradiation, the PBS was aspirated and replaced with DMEM containing PRP in 1% FBS for treatment group. Control cells were kept in the same culture conditions without UVB exposure and/or PRP treatment. Aer a series of four exposures, the cells were allowed for recovery in DMEM with 10% FBS, and with PRP in treatment group.
Cell assays and the choice of PRP concentration
Normal cell proliferation of MDFs exposed to PRP (1% PRP, 5% PRP, 10% PRP which was diluted with 1% FBS) up to 48 
Morphology analysis by uorescent labeling of cytoskeletal proteins
At 24 h aer the last UVB treatment, cells were seeded in 35 mm dishes and cultivated for another 48 h in DMEM + 10% FBS. The cells were washed in PBS, xed in 4% paraformaldehyde, permeabilized in 0.3% Triton X-100 for 15 min at room temperature, and then incubated with FITC-Phalloidin (Sigma Chemical Co, USA) for 30 min. Nuclei were identied with 40,6-diamidino-2-phenylindole (DAPI). Images were recorded at 400Â using a uorescent microscope (Olympus IX70-S1F2, Japan).
SA-b-gal staining
SA-b-gal staining was performed as previously described. 17 The staining kit was purchased from Cell Signaling Technology (#9860, Boston, MA, USA). At 24 h aer the last UVB treatment, cells were seeded in 35 mm dishes and cultivated for another 48 h in DMEM + 10% FBS. The cells were washed in PBS, xed for 10 min (room temperature) in 4% paraformaldehyde and stained according to the manufacturer's instruction. The population of SA-b-gal-positive cells was determined by counting 400 cells per dish using Image-Pro Plus (IPP) 6.0 soware (Media Cybernetics, Bethesda, MD, USA). The proportions of cells positive for the SA-b-gal activity were given as percentage of the total number of cells counted in each dish.
Flow cytometry analysis for cell cycle
Cell-cycle analysis was performed by ow cytometry at 48 h aer the last UVB treatment. Briey, cultured cells were trypsinized into single-cell suspensions and xed with 70% ethanol overnight at 4 C. RNA was degraded by incubation with 1 mg ml Epics Altra ow cytometer (Beckman Coulter, High Wycombe, UK) equipped with the ModiFit LT v2.0 soware.
RNA extraction and real-time RT-PCR
At 48 h aer the last irradiation, total cellular RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA). cDNA was synthesized from 2 mg total RNA using 200 U of reverse transcriptase (MMLV RT) and 20 pM oligodT (Promega, Madison, WI). The primers were listed in Table 1 . Amplication reactions assays contained 1Â SYBR Green PCR Mastermix and primers (Applied Biosystems, The Netherlands) at optimal concentration. A hot start at 95 C for 10 min was followed by 40 cycles at 95 C for 30 s, 60 C for 30 s and 72 C for 45 s using the StrataGene Mx3000p (Agilent Technologies, USA). Melting curves were generated aer amplication and data were analyzed using the Mxp soware. Each sample was tested in triplicate and three independent repeating experiments were performed.
Protein quantication and western blotting
For quantication of soluble protein, cells were harvested at 72 h aer the last UVB irradiation. The cell number was counted in each group and cells were lysed for quantication of protein using BCA kit (Pierce, USA). The amount of soluble protein was divided by cell numbers as a marker of cellular hypertrophy (protein/cell). Western blot analysis was performed as previously described.
14 The total protein was extracted at 48 h aer the PRP treatment. For cell-cycle regulatory proteins analysis, the cells were lysed at 72 h aer the nal stress. Total protein was prepared and subjected to 12% SDS-polyacryl-amide gel electrophoresis and subsequently transferred onto PVDF membranes. Blots were incubated with anti-p53, anti-p21, anti-collagen I antibody (all from Abcam, Cambridge, UK), washed and incubated with a secondary antibody conjugated to horseradish peroxidase. The bands were visualized chemiluminescently (Pierce, Rockford, USA).
Assessment of intracellular production of ROS
Intracellular ROS were determined with 20,70-dichlorodihydrouoresce in diacetate (DCFH 2 -DA; Sigma-Aldrich Co., LLC, USA). The cells were seeded in a 6-well at bottom plate, pretreated with DMEM containing PRP for 48 h, washed with PBS and incubated with 5 mg ml À1 DCFH 2 -DA for 20 min. The cells were then irradiated with UVB and subsequently analyzed by the uorescence microscopy, Beckman Coulter Epics Altra ow cytometer (Beckman Coulter, High Wycombe, UK) equipped with the ModiFit LT v2.0 soware, ow cytometer and Varioskan Flash Spectral Scanning Multimode Reader as previously described respectively. The uorescence amount in PBS only group was used to be subtracted from the sample value of each corresponding well.
Statistics
Statistical analyses were carried out using SPSS13.0 (Chicago, SPSS Inc.) soware package. The paired Student's t-test was used for direct comparisons between UVB and UVB + PRP groups. For multiple comparisons, the one-way ANOVA was applied. All values were expressed as the mean AE SD, and p < 0.05 was considered signicant.
Results

The response of normal and UVB-irradiated MDFs to PRP
To nd out the optimal concentration of PRP for the subsequent experiments, we evaluated the proliferative effect of PRP on normal and UVB-treated MDFs at the same time, with PRP ranging from 1% to 10%. We found that PRP with different concentrations could promote cell proliferation when the cells were not exposed to UVB irradiation ( Fig. 1A and B) . In the UVB group, however, only 1% PRP was observed to increase the cell number and improve morphology as compared to 5% PRP and 10% PRP groups ( Fig. 1C and D) . Thus 1% PRP was used in the following experiments.
PRP reduced SA-b-gal staining
The cells were submitted to SA-b-gal staining 72 h aer the last irradiation of UVB ( Fig. 2A) to test whether PRP could prevent MDFs from acquiring characteristic senescent morphology. Our study revealed strong activity of SA-b-gal in UVB-treated MDFs, and reduced staining intensity in PRP treatment group. In addition, the proportion of positive cells was effectively decreased in PRP treatment group (Fig. 2B ).
In accordance with the positive SA-b-gal staining result, we observed an enlarged and attened senescent-like morphology in UVB irradiated cells (Fig. 2C) as visualized by phalloidin. The cells treated with 1% PRP showed smaller length and width as compared to UVB-treated cells. To quantify the extent of cell hypertrophy, we determined the soluble protein content per cell of each group. There was a 4-fold increase in protein per cell in UVB group as compared to control group, while the pretreatment of PRP led to a signicant decline with regard to soluble protein level per cell (Fig. 2D ).
PRP counteracted UVB-induced alteration of cell cycle in MDFs
To investigate the role of PRP on cell-cycle arrest induced by UVB, we rstly analyzed the DNA content labeled by propidium iodide in each group at 48 h aer the last irradiation. In consistence with our previous report, UVB group showed a decreased cell population in G0/G1 and G2/M phases (from 81.6 AE 1.21 to 73.3 AE 2.18% and 10.4 AE 0.75 to 6.72 AE 1.26%) and an increased cell population in S phase (from 7.92 AE 1.21 to 20 AE 2.3%) as compared to control cells. We further found that PRP was capable of preventing the cell cycle alteration to some extent in S phase as compared to UVB group (from 20 AE 2.3% to 11.2 AE 0.92%) (Fig. 3A) . Next, we sought to determine the level of p53 and p21, which were critical cell-cycle regulators and up-regulated in senescent cells, 18, 19 at 48 h aer the last irradiation. The expression of p53 and p21 was signicantly enhanced in UVB treated MDFs, as assessed by western blotting analysis (Fig. 3B and C) . Notably, p21 and p53 in UVB group showed a signicant increase as compared with the control group. PRP was showed to have counteracted the induction of p21 and p53 expression in PRP treatment group compared to those exposed to UVB only.
In photoaging, decreased type I collagen expression and increased MMPs, such as MMP-1, -2, -3, and -9, are characteristic change. It led us to test the possible effects of PRP on collagen and MMPs expression. At 48 h aer the last irradiation, we observed a signicant increase in the expression of MMPs, including MMP-1, -2, -3, and -9 (Fig. 4A) at the mRNA level and a relevant decrease in type I collagen expression at the mRNA (Fig. 4B) and protein (Fig. 4C ) levels at UVB group.
Administration with PRP signicantly decreased the release of MMP-1, -3, and -9, but not MMP-2, at the mRNA level (Fig. 4A) . It also partly counteracted the UVB induced down-modulation of type I collagen at the mRNA and protein levels ( Fig. 4B and C) at UVB plus PRP group.
PRP treatment down-modulated UVB-induced ROS accumulation and promoted the expression of antioxidant genes in MDFs
To clarify the potential mechanism of PRP in the rescue of photodamaged MDFs, we rst assessed the intracellular level of ROS generated by UVB in MDFs. In accordance with our previous report, 14 a single exposure to subcytotoxic dose of UVB resulted in a progressive accumulation of intracellular ROS which peaked at 30 minutes aer the UVB irradiation (Fig. 5A) . The presence of PRP signicantly reduced the uorescence intensity at 30 minutes, as evident by the curve of PRP group shiing to the le detected by Beckman Coulter Epics Altra ow cytometer (Fig. 5B ) and the value of uorescence intensity lowered apparently detected by Varioskan Flash Spectral Scanning Multimode Reader (Fig. 5C ). Furthermore, we sought to determine the major intracellular antioxidants by measuring the protein levels in UVB group with or without PRP treatment. Here we demonstrated that PRP induced a 2.7-fold increase of glutathione (GPx), but not catalase (CAT), superoxide dismutase 1 (SOD1) or superoxide dismutase 2 (SOD2) aer 48 h treatment (Fig. 5D) . Fig. 3 Effect of PRP on UVB-induced alteration of cell cycle in MDFs. (A) At 48 h after the last irradiation, the cells were collected and the cell cycle was analyzed by flow cytometry using propidium iodide staining. (B and C) Western blotting analysis of each group for p53 (B) and p21 (C) at 72 h after the last UVB irradiation. The protein level was quantified using GAPDH as a reference and expressed as 100% of the protein level in control cells. Each bar represents mean AE SD from three samples (*p < 0.05) and a representative image from three independent experiments of western blotting analysis was shown.
Discussion
Photoaging is a cutaneous degenerative process superimposed on intrinsic aging and results predominantly from the effect of solar ultraviolet (UV) that can induce overexpression of ROS and MMPs in dermal broblasts, which play an important role in the remodeling of ECM.
5 The strategies to prevent or reduce the deleterious effect of UV have largely targeted at preventing UV from penetrating the skin to reduce its detrimental effects on skin appearance. 20 Alternatively, reduction of oxidative stress or enhancement of antioxidant system in broblasts has been proposed to be a potential anti-aging technique. [21] [22] [23] Many studies have established a variety of exogenous compounds with the ability to promote endogenous protective responses in order to decrease the damage of oxidative stress. 24, 25 Based on previous reports of PRP with its promising effects on regenerative medicine due to its various growth factors, we investigated the possibility of using PRP to promote skin rejuvenation by inuencing the dermal broblasts. 30 P. Mehryan et al. has proved that PRP had the ability to ameliorate dark pigmentation on skin. 31 In accordance with the above-mentioned studies, we demonstrated that the biological factors contained in PRP played an important role in the process of anti-aging. In a word, these factors could stimulate the proliferation and migration of broblasts, up-regulate the collagen production and decrease MMPs expression, and show protective effects from UVB damages by enhancing intracellular antioxidants.
In our study, we found that PRP was able to counteract some characteristics of UVB-induced senescence in MDFs. UVBirradiated MDFs treated with PRP has preserved elongated cell shape and revealed signicant decrease in the staining intensity and in the percentage of SA-b-gal-positive cells. Additionally, the anti-senescent effects of PRP were supported by counteraction of cell-cycle arrest and repression of the expression of UVBinduced p53 and p21. Our previous study 16 has shown that UVB induces S-phase arrest, which seems be resulted from blunt interruption of DNA replication in rapidly proliferating cells. The induction of expression of p53 and p21 helps avoid the replication of damaged DNA and thus minimizes the possibility of introducing gene mutations in daughter cells. Aging skin usually presents with changes in pigmentation, sallowness, and deep wrinkling. The underlying alteration includes increased collagen breakdown and degradation from MMPs. Many studies have shown that the synthesis of MMPs of human or mouse skin, such as MMP-1, -2, -3, and -9, are upregulated when exposed to UV irradiation. [36] [37] [38] In our study, the expression of MMP-1 (collagenase), MMP-2 (gelatinase A), MMP-3 (stromelysin) and MMP-9 (gelatinase B), and collagen-1 which constitute 85-90% of the total ECM, 39 were detected. We here demonstrated that PRP inhibited the degradation of collagen-1 from UVB irradiation by decreasing MMP-1, -3, -9. Interestingly, PRP treatment appeared to cause increased MMP-2, which has gained the attention in our ongoing study. Our preliminary data showed that MMP-2 might play a different role in photoaging. Furthermore, we investigated the possible molecular mechanisms of the anti-photoaging effects of PRP. ROS induced by UV facilitate peroxidation of the lipid components of the cell membrane, which cause the alterations of several antioxidant enzymatic systems. 40 Excessive oxidative stress and imbalanced anti-oxidative system play an important role in the process of cellular senescence. 41 Given the fact that oxidative stress has been demonstrated as one of the most important culprits in cellular senescence, we proposed that PRP might preserve the MDFs function by decreasing the accumulation of ROS at the cellular level. Our results conrmed that PRP reduced UVBinduced accumulation of ROS by enhancing the activity of intracellular antioxidant enzymes, mainly GPx. The mechanism of action of PRP is implied as the effect of its plentiful content of platelets and growth factors which can trigger cell activation and activate related signal path. Growth factors including PDGF, VEGF and the adhesive glycoproteins secreted from the activated platelets interact with the cells by binding to their specic cellular membrane receptors. Aer that, the glycoproteins and the growth factors activate intracellular processes that stimulate cell proliferation, migration, survival and the production of extracellular matrix proteins particularly new collagen formation. 42 The downstream complex interactions between growth factors present in PRP that has been reported as anti-oxidative factors, such as IGF, which was conrmed to have the ability to repair impaired RNA and DNA and reduce the degree of oxidative stress.
32-35
43,44 PDGF, IGF, and HGF, seems to increase the level of resistance to oxidation by activating the PI3K/Akt pathway which can reduce ROS production.
45-50
In conclusion, our study demonstrated that PRP, as a compound of multiple factors, ameliorated senescence-like phenotypes, including attened morphology, long-term growth arrest, SA-b-gal staining. PRP also prevented the degradation of ECM by inhibiting the expression of MMPs and increasing the collagen production. The activity of GPx as one of the most important antioxidants was increased by PRP treatment. To our knowledge, this is the rst study focusing on the anti-aging effects of PRP at a cellular level, which provide us an insight on its possible future application in skin rejuvenation. However, further studies are prompted to illustrate the key factors and their signaling pathways underlying the observed anti-aging effects.
